[1] Polarimetric SAR decomposition parameters, average alpha angle () and entropy (H) are estimated for oil-slick contaminated sea surfaces and slick-free conditions using a RADARSAT-2 quad-polarization SAR image. The values of H and within oil slick areas are significantly higher than those of the ambient sea surface, indicating the dominance of Bragg scattering for the slick-free ocean and non-Bragg scattering for the oil-slick area. In land classification, the conformity coefficient (m) is often used to discriminate surface scattering with double-bounce or volume scattering. Based on this rationale, we also develop a method using m as a logical scalar descriptor to map oil slicks under low-tomoderate wind conditions. The proposed method is assessed using a RADARSAT-2 quad-polarization SAR image of oil slicks in the Gulf of Mexico. Analysis shows that when m is positive the sea surface is slick-free, whereas m is negative for oil-slick areas. This method provides a simple and effective mapping technique for oil slick detection.
Introduction
[2] The detection and tracking of oil slicks on the sea surface has received considerable attention in recent literature due to its impact on marine ecosystems, fisheries, wildlife and other societal interests [Hu et al., 2009; Cheng et al., 2011] . Spaceborne synthetic aperture radar (SAR) has proven to be a useful tool for oil slick mapping. The sea surface roughness responsible for SAR backscatter is primarily produced by capillary and small gravity waves generated by local winds. Damping of these waves by oil slicks reduces the backscatter, resulting in dark areas in SAR images. Thus, sea surface oil slicks can be delineated using traditional image processing methods [Solberg et al., 2007; Karantzalos and Argialas, 2008; Liu et al., 2010] .
[3] Conventional single-polarization (VV or HH) synthetic aperture radar (SAR) images represent normalized radar cross section (NRCS) scenes for a specific transmit-receive polarization configuration. Several semi-automatic and automatic detection algorithms based on neural networks, multi-scale image segmentation and fuzzy logic have been developed to detect oil slicks with single-polarization ERS, ENVISAT and RADARSAT-1 SAR data [Del Frate et al., 2000; Solberg et al., 2007; Garcia-Pineda et al., 2009; Liu et al., 2010] . These single-polarization image-intensity-based methods are limited in their ability to detect oil slicks due to their dependence on empirical thresholds, training samples, and ancillary data. Considerable effort is needed to establish training sets for different radar bands (C-, X-, and L-band), image modes (wide-swath mode, standard/image mode, fine mode, etc.), and polarization (HH, VV) images. It is generally difficult to compile such datasets because few known oil slicks have coincident SAR observations.
[4] In this study, we take advantage of additional phase information available in quad-polarization SAR data to effectively and quickly identify oil slicks. Quad-polarization SAR measures the scattering matrix and provides full amplitude and phase information of each resolved image pixel. In land-use classification, previous studies show that quadpolarization SAR data yield more useful information than conventional single-polarization SAR [Cloude and Pottier, 1997; Ferro-Famil et al., 2001; Lee et al., 2001] .
[5] In recent years, efforts have been devoted to the detection of oil and biogenic slicks with quad-polarization SAR. An algorithm combining the polarimetric SAR decomposition parameters with a maximum likelihood classifier using the complex Wishart distribution was developed to map biogenic slicks and spiral eddy features generated by currents using C-band AIRSAR data [Schuler and Lee, 2006] . L-band ALOS PALSAR and C-band SIR-C/X-SAR were also used to distinguish oceanic oil slicks from oleyl alcohol (OLA) slicks using the Muller matrix approach [Nunziata et al., 2008; Migliaccio et al., 2009] .
[6] RADARSAT-2 quad-polarization (HH, HV, VH, and VV) SAR measures the scattering matrix of each SAR image pixel. The measurement retains all the information describing the polarimetric properties of the observed scene in the scattered field. Due to the vector nature of the scattered field, quad-polarization measurements can be used to classify SAR imagery with different scattering mechanisms. Two parameters associated with the measured scattering matrix from polarimetric SAR decomposition are entropy (H) and average alpha angle (). In the physical domain, H represents randomness of scattering mechanisms and characterizes the scattering mechanism. Equations for estimating H and () are in the auxiliary material.
1 Measurements of H and can differentiate the scattering properties of oil slicks from the slick-free ocean. A physically-based approach to map oil slicks using the conformity coefficient (m) is developed. The importance of this method is that m is able to distinguish Published in 2011 by the American Geophysical Union.
1 Auxiliary materials are available in the HTML. doi:10.1029/ 2011GL047013. different scattering mechanisms of ambient sea surfaces and oil slicks, and therefore provide a good classification. The performance of this method is assessed with a RADARSAT-2 fine-mode quad-polarization SAR image of oil slicks.
Oil Slick Observation With Quad-polarization SAR
[7] Figure 1a shows a C-band VV-polarized fine-mode quad-polarization RADARSAT-2 SAR image of oil slicks in the Gulf of Mexico acquired at 12:01 UTC on May 8, 2010. The SAR image covers a 25 km × 25 km area and has a pixel spacing of 5 m in both azimuth and range directions. In this image, the incidence angles vary by 1.5°from the near range (41.9°) to the far range (43.4°). The RADARSAT-2 quadpolarization imaging mode provides single-look complex data in HH, HV, VH and VV channels. A corresponding HH-polarized image is shown in Figure 1b . RADARSAT-2 fine-mode quad-polarization data has an extremely low noise floor (<−35 dB). Usually, the cross-polarization channel (HV or VH) signals are much lower than signals in the VV or HH polarization channels, and are contaminated by strong signals in these channels. Thus, a cross-talk correction between different channels is made [Touzi et al., 2010] . In this study, the noise floor for the SAR image in each polarization is −36 dB.
[8] We interpret the dark features in the SAR image as oil slicks, because this location is known to release natural oil seeps constantly [Garcia-Pineda et al., 2009] . A National Oceanic and Atmospheric Administration (NOAA) National Data Buoy Center (NDBC) buoy (#42047, 27°53′48″N 93°3 5′50″W) is located about 100 km to the north of the SAR image shown in Figure 1a . The buoy-measured wind speed at the SAR imaging time is 6.5 m/s, which is optimal (3.5∼7.0 m/s) for SAR imaging of oil slicks [Garcia-Pineda et al., 2009] . The buoy wind direction is 167°(approximately northward), which explains the 'feathered' structure of the oil slick trail, namely, heavier oil is moved farther by the wind than lighter oil [Alpers and Espedal, 2004] .
Oil Slick Detection With Quad-polarization SAR
[9] The concept of using the conformity coefficient (m) for image classification [Freeman et al., 2008] originates from efforts to estimate soil moisture using Compact Polarimetry SAR, not quad-polarization SAR. In land classification analysis, m estimated with compact polarimetry measurements allows the discrimination of surface scattering from double-bounce and volume scattering. In compact polarimetry, the transmitter polarization is circular (R or L), and the receivers are horizontal or vertical polarizations (H or V) with respect to the radar line of sight [Dubois-Fernandez et al., 2008] . For quad-polarization SAR, both transmitter and receiver polarizations are in horizontal and vertical polarizations (HH, HV, VH, and VV). For Compact Polarimetry SAR, m is expressed as:
where M RH and M RV are the Compact Polarimetry measurements, * represents the complex conjugate and Im is the imaginary part of the complex matrix. For right circular where S HH , S VV , S HV and S VH are the complex elements of the quad-polarization SAR scattering matrix; W is the Faraday angle associated with the phase shift or the rotation, which can be estimated from signatures of surface scattering objects,
Equation (1) can be approximated using the reflection symmetry hypothesis [Yueh et al., 1994] , and thus we extend m from compact polarimetry SAR to quad-polarization SAR,
where Re is the real part. Currently, RADARSAT-2 only has quad-polarization SAR, and measures the scattering matrix (S) of each pixel. Future Canadian C-band RADARSAT Constellation Mission SAR satellites (to be launched beginning in 2014) will provide compact polarimetry measurements (M RH and M RV ). These measurements can be used to directly calculate the conformity coefficient m using equation (1).
[10] For ocean surface Bragg scattering, S HV is small (S HV ∼ 0), whereas S HH and S VV are highly correlated and their phase difference is close to 0°(Arg(S HH S* VV ) ∼ 0°), implying that Re(S HH S* VV ) > |S HV | 2 , and m is positive. However, for non-Bragg scattering, S HH and S VV have low correlation, their phase difference is close to 180°(Arg(S HH S* VV ) ∼ 180°), and thus Re(S HH S* VV ) < |S HV | 2 , and m is negative. Surface Bragg scattering is the typical scattering mechanism for clean sea surfaces under low-to-moderate winds, whereas for oil slick areas, highly random scattering is expected to cause nonBragg scattering. Following the discussion above, m can characterize different scattering mechanisms for oil covered surfaces, compared to slick-free sea surfaces. Since oil slicks depress the surface Bragg waves, the associated m values are negative. Thus we can use m for oil slick detection in a quad-polarization SAR image.
Results and Analysis
[11] To investigate the scattering properties and mechanisms of oil slicks and ambient clean sea surfaces, we use m analysis, in addition to entropy (H) and average alpha angle (). If H is low, the system contains significant polarimetric information, whereas as H approaches unity the backscatter from resolved cells becomes depolarized [Schuler and Lee, 2006] ; a slick-free area is a low-H surface dominated by returns from tilted-Bragg scatterers [Schuler et al., 2004] . Figure 1a , and (b) conformity coefficient m for the entire SAR image shown in Figure 1a , and (c) oil slicks mapped with m. Figure 1c compares the H image of a slick-covered surface to that of an ambient clean sea surface. For oil slicks, H is significantly higher than for the ambient ocean; a significant H increase indicates that surface Bragg scattering from the clean sea surface is reduced by the oil slick. The calculated H values for this SAR image vary from ∼0.80 to 0.95 for oil-slick areas, compared to ∼0.30 to 0.45 for the slick-free areas. High H values suggest surface capillary and small gravity waves are strongly damped by oil slicks. Returns from slick-covered regions are dominated by highly random scattering, suggesting non-Bragg scattering.
[12] For values below 30°, surface Bragg scattering dominates, for ∼30°< < 50°, dipole scatter dominates, and for ∼50°< < 90°, even-bounce scatter dominates. These designations are most accurate when the entropy H is low [Schuler and Lee, 2006] implying enhanced polarimetric information. The values for oil slicks shown in Figure 1d are larger than 50°, suggesting that non-Bragg scattering is dominant. By comparison, the clean sea surface has values <30°suggesting surface Bragg scattering.
[13] Although H and are able to characterize scattering properties to some extent, they cannot be used as logical descriptors to classify different mechanisms, because their dynamic ranges are large, and they have no unique threshold numbers that can be used for every image. On the contrary (Section 3), m is a good logical discriminator to discern surface Bragg (m > 0) and non-Bragg scattering (m < 0). We assess the classification method based on m in Figure 2a using the SAR image, for both the slick-free (m > 0), and slick (m < 0) areas. The slick-free areas are dominated by Bragg scattering, and the slick areas, by non-Bragg scattering. Values for m for the entire SAR image are given in Figure 2b , showing that oil slicks are clearly discriminated from the clean surface. Figure 2c shows the oil slick mapping results (slick area is 14.35 km 2 ) using the m zero threshold; results are consistent with the oil slick indicated in Figure 1 . Thus m provides a physically-based threshold to discriminate oil slicks from clean sea surfaces depending on differing scattering properties, via a logical true-false output which can be used for segmentation and further classification analysis.
[14] Here, m is estimated from one quad-polarization SAR image and used to detect oil slicks under moderate winds (6.5 m/s). For this wind speed, the SAR data contain significant polarimetric information and therefore it is feasible to use m to map oil slicks according to these differing scattering mechanisms. However, under high sea states, the dynamics of the breaking waves will strongly depolarize the backscatter [Morris et al., 2003] , thus reducing the useful polarimetric information and significantly affecting the detection of oil slicks for m.
Conclusions
[15] We developed an unsupervised conformity coefficient (m) classification method to distinguish oil slicks from clean sea surfaces based on their differing scattering mechanisms. Within slick-free areas, the conformity coefficient satisfies m > 0 suggesting that surface Bragg scattering is dominant, whereas within oil covered regions, and m < 0 suggesting that non-Bragg scattering dominates. Thus, m constitutes a physically-based filtering technique to distinguish oil slicks from the ambient ocean.
[16] Polarimetric SAR decomposition parameters entropy (H) and average alpha angle () were used to study the scattering behaviors of oil slicks compared to the slick-free ocean; H measures the randomness of the scattering mechanisms, and characterises the scattering mechanism. For slick-covered areas, damping is strong, correlation between co-polarization channels is low and thus H and are high, suggesting that non-Bragg scattering dominates. For clean sea surfaces, correlation between co-polarization channels is high, and H and are low, indicating that surface Bragg scattering dominates.
[17] A RADARSAT-2 fine-mode quad-polarization SAR image of an oil slick in the Gulf of Mexico is employed to assess the performance of this approach. Our results suggest that m is a simple, effective mapping technique for oil slick detection. The method is computationally effective, because no image segmentation or pattern recognition processing is needed. Moreover, it is not necessary to match SAR images with a known oil slick dataset in order to tune the algorithm, as is the case for single-polarization SAR oil slick detection algorithms. Results from this method are therefore more reliable. The matrix operation for the entire image requires less than a minute on a PC. This method can be easily adapted to other quad-polarization SAR satellites.
[18] Although the algorithm works well to identify slicks, it has the same limitations as conventional single-polarization SAR algorithms in terms of its ability to identify other lookalike physical phenomena that produce low backscatter areas in SAR images, including natural biogenic slicks, low winds, upwelling, rain effects, ship wakes, and thin ice [ClementeColón and Yan, 2000] . Interpretation of these look-alike features requires ancillary data or optical imagery.
[19] Our approach is tested using one fine-mode quadpolarization SAR image with small swath (25 km × 25 km) under moderate winds (6.5 m/s); it is necessary to validate the method for a range of wind conditions. For monitoring of large area oil slicks, the fine-mode is not practical, whereas the ScanSAR narrow or wide modes have large area coverage (300 km × 300 km or 500 km × 500 km). However, the Canadian C-band RADARSAT Constellation Mission (RCM) SAR satellites (to be launched in 2014) will provide SAR measurements in Compact Polarimetry mode with large swath (350 km × 350 km) and medium resolution (50 m). These measurements can be used to directly calculate the conformity coefficient m using equation (1), thus potentially providing an operational technique for oil slick detection with large area coverage.
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